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Hyphal Invasion of Candida albicans Inhibits the
Expression of Human b-Defensins in Experimental
Oral Candidiasis
Qian Lu1,2, Jayalath A.M.S. Jayatilake2, Lakshman P. Samaranayake2 and Lijian Jin1,2
Oral epithelium reacts to microbial challenges by eliciting a defensive response that includes the production of
antimicrobial peptides. This study investigated the expression of human b-defensins-1, 2, and 3 in reconstituted
human oral epithelia during experimental oral infections with six different Candida species, and a wild-type C.
albicans isolate and five of its mutants. The expression of defensins was induced after 12 hours infection with
the wild-type C. albicans, but this response was not seen for the noninvasive hyphal mutants nor the secreted
aspartyl proteinase mutants. Furthermore, defensin expression was not detected after 48 hours in epithelia
infected with either C. albicans wild-type isolate or its invasive hyphal and proteinase mutants. Most of the non-
albicans Candida were capable of inducing the expression of defensins in epithelia after 24 or 48 hours of
infection. These Candida–host interaction patterns suggest that the oral epithelia possess mechanisms for
sensing the early invasion of C. albicans through recognition of the presence of hyphae and proteinases of
Candida and respond to the insult by producing antimicrobial peptides. This hyphal-invasion-dependent
inhibition of defensin expression in oral epithelium that undermines the host surveillance system represents a
hitherto undescribed novel pathogenic mechanism of C. albicans.
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INTRODUCTION
Human b-defensins (hBDs) are a group of small cationic
cysteine-rich peptides with a broad-spectrum antimicrobial
activity against vast array of oral pathogens including
Candida species (Joly et al., 2004). They are one of few
evolutionarily well-conserved antimicrobial peptides which
remain effective in host innate defense. The most intensively
investigated hBDs thus far are hBD-1, 2, and 3, which have
been detected in the confines of the oral milieu in gingival
epithelia (Lu et al., 2004, 2005), salivary glands, saliva
(Mathews et al., 1999), and gingival crevicular fluid
(Diamond et al., 2001). hBD-1 and 2 are active against
Gram-negative bacteria and yeasts, and hBD-3 has potent
antimicrobial activities against both Gram-positive and
Gram-negative bacteria even at low concentrations (Harder
et al., 2001). While the antifungal activity of hBDs has been
characterized to some extent (Harder et al., 1997; Feng et al.,
2005), the exact role they play in host defense against fungal
infection is not well defined. Previous work has shown that
the salivary levels of hBD-1 and 2 in patients with oral
candidiasis are lower than in healthy individuals (Tanida
et al., 2003), whereas the hBD-2 peptide expression in
human buccal epithelia with candidiasis was greater than in
normal buccal epithelia (Sawaki et al., 2002). These reports
suggest that hBDs may be involved in the Candida–host
interaction in the oral environment.
Candida is an opportunistic pathogen that exists as a
commensal species in the oral cavity, gastrointestinal tract,
vagina, and skin of healthy individuals (Samaranayake and
MacFarlane, 1990). Superficial or systemic candidal infec-
tions, that is, candidiasis or candidoses, are common in
compromised individuals, such as those with human
immunodeficiency virus infection and other disorders, lead-
ing to immune suppression. One of the major virulence
factors of Candida albicans, the most frequently isolated
fungal pathogen in humans, is the phase transition from yeast
to filamentous phase, through the regulation of two transcrip-
tion factors, EFG1 and CPH1. The C. albicans efg1/efg1 cph1/
cph1 mutant is unable to form hyphae under any conditions
and is lowly virulent in animal or cell based systems (Lo et al.,
1997; Phan et al., 2000). While C. albicans is generally
considered to be the most pathogenic Candida species, a
wide variety of other Candida species, notably C. dublinien-
sis, C. tropicalis, C. glabrata, C. krusei, and C. parapsilosis,
have emerged as significant pathogens in an increasing
number of infections (Wingard, 1995; Redding, 2001).
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Another critical virulence factor of Candida is the secreted
aspartyl proteinases (Saps) – a family of hydrolytic enzymes.
To date, gene sequences of ten SAPs (SAP1–10) of C. albicans
have been reported in patients with oral candidiasis (Naglik
et al., 1999; Schaller et al., 2000). It has been suggested that
Saps1–3 are essential for tissue damage during superficial
infection, whereas Saps4–6 are crucial for interaction with
immunoregulatory cells in invasive candidiasis (Schaller
et al., 2000).
It is tempting to speculate that the evolutionarily well-
conserved antimicrobial peptides in host epithelial tissues,
which have potent antimicrobial activities, may be devel-
oped into promising therapeutic agents. However, currently
there is poor understanding and no data on how hBDs are
involved in the Candida–host interactions, and the associated
molecular mechanisms. A study of hBDs in Candida infection
may throw some light on this problem and may suggest future
lines of therapy. Hence, the aim of this study was to
investigate the expression of hBD-1, 2, and 3 during
experimental oral infections of reconstituted human oral
epithelia (RHOE) with six different Candida species, and a
wild-type C. albicans isolate and five of its congenic mutants.
RESULTS
Overall, consistent results were obtained from the repeated
studies on the RHOE infected by C. albicans SC5314 isolate,
its congenic mutants, C. albicans ATCC isolate, and non-
albicans Candida species. Representative results were there-
fore presented.
Histological features of the RHOE infected by C. albicans, its
hyphal and SAP mutants, and non-albicans Candida
The RHOE resemble histologically the oral epithelia except
for the absence of stratum corneum. C. albicans wild isolate,
SC5314, and its congenic mutants, cph1/cph1, sap1–3, and
sap4–6, demonstrated similar histologic signs of hyphal
invasion, which were characterized by penetration of the
basal cell layers, and aggravated tissue damage especially at
latter stages of infection (24 and 48 hours) (Figure 1c). After
12 hours of infection by C. albicans wild isolate, the RHOE
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Figure 1. Hyphal formation of C. albicans and immunohistochemical expression of human b-defensin-2 in reconstituted human oral epithelia (RHOE) after
12, 24, and 48 hours of infection with C. albicans. PAS staining of C. albicans hyphae and immunohistochemical staining of hBD-2 were performed in each
sample. (a–c) Hyphal invasion is observed in the RHOE infected with C. albicans SC5314 isolate, and (c) the hyphae penetrate the whole depth of RHOE after
48 hours. (d–f) Hyphal formation instead of hyphal invasion is observed in the RHOE infected with C. albicans ATCC 90028. (g–i) No hyphal formation is
observed in the RHOE infected by HLC52 or (j–l) HLC54 mutants. (m–o) hBD-2 is sparsely detected in the cytoplasm of the control RHOE. Intense intercellular
expression of hBD-2 is detected in the RHOE infected with (a) C. albicans SC5314 and (d) ATCC isolates for 12 hours, while (b and e) hBD-2 is undetectable at
24 hours. (c) At 48 hours, hBD-2 remains undetectable in the RHOE infected with C. albicans wild isolate but (f) it is upregulated in those infected with
C. albicans ATCC isolate. (h) Upregulation of hBD-2 expression is also observed in the RHOE infected with C. albicans HLC52 mutant for 24 hours (l) as well as
those infected with HLC54 mutant for 48 hours. (p) Normal goat IgG shows no specific staining in the RHOE. Scale bar¼100 mm.
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showed significant histopathologic changes, such as vacuo-
lization of the keratinocytes, margination of the nuclear
chromatin, intercellular edema, and detachment of the cell
layers, leading to disorganization of tissue structure at
48 hours (Figure 1a–c). C. albicans ATCC 90028 showed
similar degree of hyphal formation as SC5314 isolate but a
limited epithelial invasion (Figure 1f). In contrast, hyphal
mutants, efg1/efg1 and efg1/efg cph1/cph1, were unable to
form hyphae in RHOE even after 48 hours of infection (Figure
1g–l). They remained in blastospore phase throughout and
were easily removed in phosphate-buffered saline (PBS)
during fixation. It was only after 24 hours of infection by
these two mutants and the ATCC isolate were the aforemen-
tioned pathologic alterations induced in RHOE.
On macroscopic observation, all non-albicans Candida
species, that is, C. tropicalis, C. dubliniensis, C. glabrata, C.
krusei, and C. parapsilosis, grew well over the epithelial
surface under the culture conditions used. However, these
yeasts did not elicit hyphal forms nor penetrate the tissues,
and they were present in the blastospore forms that were
easily removed in PBS prior to fixation. While all isolates
elicited variable degrees of tissue changes, such as inter-
cellular edema and disorganization of tissue structure at
48 hours, relatively greater tissue damage was observed in the
RHOE infected with C. tropicalis and C. dubliniensis than
those infected with the remaining three non-albicans Candida
species, that is, C. glabrata, C. krusei, and C. parapsilosis.
Expression of cytokeratin in the RHOE infected by C. albicans
SC5314 isolate and hyphal-formation mutants
Cytokeratin expression was detected in all epithelial layers in
the control RHOE (Figure 2d–f). It was expressed in the
superficial layers of RHOE after 12 hours of infection with C.
albicans SC5314 isolate (Figure 2a); whereas its expression
significantly increased at 24 hours with an extension to deep
layers (Figure 2b). Spotty expression of cytokeratin was
observed in the RHOE infected with C. albicans SC5314
isolate for 48 hours (Figure 2c). Cytokeratin expression in the
RHOE infected with C. albicans hyphal-formation mutants
(cph1/cph, sap1–3, and sap4–6) was similar to that in the
RHOE infected with their parent isolate.
In situ mRNA expression of hBD-1, 2, and 3 in the RHOE
infected by C. albicans, its hyphal and SAP mutants, and
non-albicans Candida
hBD-1, 2, and 3 showed consistent expression patterns in
each sample, thus only the results of hBD-2 are shown in
Figures 1 and 3. hBD mRNA was basally expressed in the
cytoplasm of epithelial cells in the control RHOE at 12, 24,
and 48 hours (Figure 3m–o). Similar expression was observed
in the RHOE after 12 hours of infection with C. albicans wild
isolate (Figure 3a), ATCC strain (Figure 3d), and SAP mutants
(Figure 3g and j). Whereas after 24 hours of infection with C.
albicans, the number of cells that expressed hBD mRNA
greatly decreased. Only a few cells near the basal layers
showed positive expression (Figure 3b and e). After 48 hours
of infection, no expression of hBD mRNA was detected in the
RHOE infected by C. albicans SC5314 (Figure 3c), whereas it
was detected in the basal layers in C. albicans ATCC 90028
infected RHOE (Figure 3f). C. albicans cph1/cph1 mutant
showed similar behavior to its parent SC5314 isolate in
relation to the hBD mRNA expression. The RHOE infected
with the hyphal mutants, efg1/efg1 and efg1/efg1 cph1/cph1,
demonstrated positive expression of hBD mRNA at 12, 24,
and 48 hours (Table 1). The difference between C. albicans
sap1–3 and sap4–6 mutants appeared after 24 hours of
infection, when the RHOE infected with sap1–3 mutant
showed positive expression of hBD mRNA (Figure 3h),
whereas those infected with sap4–6 mutant exhibited
negative expression (Figure 3k). These two SAP mutants
showed similar behavior to their parent isolate in relation to
the negative expression of hBDs in the RHOE infected for
48 hours (Figure 3i and l).
The expression of hBD mRNA was detected in all non-
albicans Candida infected RHOE at all time points examined
(Table 2), and it tended to be concentrated in or near the
basal layers, especially at the later stages of infection.
Expression of hBD-1, 2, and 3 peptides in the RHOE infected by
C. albicans, its hyphal and SAP mutants
The expression of hBD-1, 2, and 3 peptides was sparsely
detected in the cytoplasm of the control RHOE (Figure 1m–o).
The expression patterns of hBD-1, 2, and 3 peptides were
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Figure 2. Immunohistochemical expression of human cytokeratin in RHOE after 12, 24, and 48 hours of infection with C. albicans SC5314 isolate. (d–f)
Cytokeratin is expressed in the cytoplasm of control RHOE. (a) It is expressed in the superficial layers of the RHOE infected with C. albicans SC5314 for
12 hours. (b) At 24 hours, intense expression of cytokeratin is observed, which tends to extend to deep layers. (c) At 48 hours, spotty expression of
cytokeratin is observed. Scale bar¼ 100mm.
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consistent in each sample, mainly expressed in the inter-
cellular spaces of the Candida infected RHOE. hBD expres-
sion was significantly upregulated in RHOE after 12 hours
of infection with both C. albicans SC5314 and ATCC isolates
(Figure 1a and d), but they were undetectable at 24 hours
(Figure 1b and e). At 48 hours, the expression of
hBDs remained undetectable in the RHOE infected with C.
albicans wild isolate (Figure 1c), but it was upregulated in
those infected with C. albicans ATCC isolate (Figure 1f). The
RHOE infected with C. albicans cph1/cph1 mutant showed a
pattern indistinguishable from those infected with the SC5314
strain. Whereas the RHOE infected with hyphal mutants,
efg1/efg1 and efg1/efg1 cph1/cph1, showed delayed hBD
expression with reference to those infected with the parent
SC5314 isolate. The upregulation of hBD expression was
observed after 24 hours of infection with the efg1/efg1 mutant
(Figure 1h) and after 48 hours of infection with the efg1/efg1
cph1/cph1 mutant (Figure 1l). No upregulation of hBD
expression was observed in the RHOE infected with C.
albicans sap1–3 or sap4–6 mutant after 12, 24, or 48 hours of
incubation.
Expression of hBD-1, 2, and 3 peptides in the RHOE infected by
non-albicans Candida
In the RHOE infected with non-albicans Candida, hBD
expression was upregulated after 24 hours of infection with C.
krusei and C. parapsilosis. This upregulation remained at a
high level after 48 hours of infection with C. krusei, whereas it
reverted back to the control level in the C. parapsilosis
infected RHOE (Table 2). The expression of hBDs was
upregulated after 48 hours of infection with C. tropicalis and
C. glabrata, whereas no similar finding was noted in the C.
dubliniensis infected RHOE after 12, 24, and 48 hours of
incubation (Table 2).
DISCUSSION
Oral epithelium is constantly exposed to microorganisms and
acts as an effective frontline barrier against invasive
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Figure 3. In situ hybridization expression of human b-defensin-2 mRNA in RHOE after 12, 24, and 48 hours of infection with C. albicans. (m–o) Extensive
expression of hBD-2 transcripts is detected in control RHOE (a) as well as in the RHOE infected for 12 hours with C. albicans wild isolate, (d) ATCC 90028, and
(g and j) the SAP mutants. At 24 hours, hBD-2 mRNA is expressed only in a few cells near the basal layer of the RHOE infected by (b) C. albicans SC5314
and (e) ATCC isolates and (h) sap1–3 mutant. (k) No mRNA expression of hBD-2 is detected in the RHOE infected with sap4–6 mutant. At 48 hours, no
expression of hBD-2 mRNA occurs in the RHOE infected by (c) C. albicans SC5314 isolate or (i) sap1–3 and sap4–6 (l) mutants. (f) Whereas the RHOE infected
with C. albicans ATCC isolate show positive expression of hBD-2 mRNA near the basal layer. (p) No specific signal is observed in the RHOE processed with
hBD-2 sense probe. Scale bar¼ 100mm.
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pathogenic organisms. One of the key defense strategies of
the oral epithelium is to secrete a variety of antimicrobial
peptides, such as hBDs, which not only act as antimicrobials
but also as chemoattractants of innate immune cells (Yang
et al., 1999). In this study, we investigated the expression of
hBD-1, 2, and 3 mRNA and peptides during experimental
oral infections with six different Candida species and five
C. albicans mutants using the RHOE model. This model
resembles histologically normal human oral epithelium, and
it is now considered to be a good surrogate model for
experimental oral candidiasis substituting animal models
(Schaller et al., 1998; Jayatilake et al., 2005).
In the current study, we found that five of six Candida
species tested except C. dubliniensis induced the expression
of hBDs peptides in RHOE after varying periods of infection.
Of the Candida species, C. albicans was the most virulent
one, as it induced a relatively prompt upregulation of
hBDs peptides in the RHOE model. None of the other
Candida species tested induced the expression of hBDs
peptides as early as C. albicans. This is consistent with
the generally held view that C. albicans is the most virulent
and invasive species out of more than 150 Candida species
currently recognized (Samaranayake and MacFarlane, 1990).
Hence, the oral epithelium appears to be capable of
recognizing the invasion of C. albicans at a very early
stage of infection, responding promptly by producing hBDs
and activating an important early innate defense mechanism.
Surprisingly, after another 12 hours of infection by C. albicans
SC5314 isolate, hBDs peptides expression regressed and
was subsequently undetectable after 48 hours. However, with
C. albicans ATCC isolate, although the hBDs peptides
were depleted after the second 12 hours of infection, large
amounts of hBDs peptides were produced after 48 hours.
To explore the possible reasons for the latter aberrant
responses, we traced their in situ mRNA expression and
found this to be congruent with hBDs peptide expression.
Hence, it is tempting to speculate that C. albicans may
impair the innate host defense system by thwarting the
hBDs production after a certain period of infection. This
inhibitory effect is unlikely to be caused by host cell
destruction, as it starts as early as 24 hours of infection.
It is yet unlikely due to tissue death as one of the structural
proteins, cytokeratin, is expressed in the tissues throughout
the experiment period. Thus, as yet undetected, factors
Table 1. hBDs peptide and mRNA expression in
reconstituted human oral epithelia infected with
Candida albicans wild isolate and its mutants
C. albicans SC5314
and its mutants
Infection
durations
(hours)
hBD-1, 2,
and 3
peptides1
hBD-1, 2,
and 3
mRNAs2
C. albicans SC5314 12 + +
24  +/
48  
JKC19: cph1/cph 12 + +
24  +/
48  
HLC52: efg1/efg1 12  +
24 + +
48  +
HLC54: efg1/efg1 cph1/cph1 12  +
24  +
48 + +
sap1–3 12  +
24  +
48  
sap4–6 12  +
24  
48  
1: negative, hBD-1, 2, and 3 peptide expression is undetectable or
similar to that in the controls; +: positive, significantly higher than the
controls.
2: negative, no positive staining in hBD-1, 2, and 3 mRNA expression;
+/: positive/negative, very few positive staining; +: positive, significant
positive staining.
Table 2. hBDs peptide and mRNA expression in
reconstituted human oral epithelia infected with
Candida albicans and non-albicans Candida species
Candida isolates
Infection
durations
(hours)
hBD-1, 2,
and 3
peptides1
hBD-1, 2,
and 3
mRNAs2
C. albicans SC5314 12 + +
24  +/
48  
C. albicans ATCC 90028 12 + +
24  +/
48 + +
C. dubliniensis ATCC MYA646 12  +
24  +
48  +
C. tropicalis ATCC 13803 12  +
24  +
48 + +
C. glabrata ATCC 90030 12  +
24  +
48 + +
C. krusei ATCC 6258 12  +
24 + +
48 + +
C. parapsilosis ATCC 22019 12  +
24 + +
48  +
1: negative, hBD-1, 2, and 3 peptide expression is undetectable or
similar to that in the controls; +: positive, significantly higher than the
controls.
2: negative, no positive staining in hBD-1, 2, and 3 mRNA expression;
+/: positive/negative, very few positive staining; +: positive, significant
positive staining.
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in C. albicans may paralyze the host surveillance system, so
as to gain ingress into the host epithelium. In order to
determine which factors of C. albicans may be associated
with this inhibition, we used several C. albicans mutants and
compared their relative expression of hBDs in RHOE with
their parent SC5314 isolate.
Among the many virulence attributes of C. albicans,
hyphal formation and Saps production appear critical for
their survival within the hostile host milieu. In this study,
we utilized three hyphal mutants (efg1/efg1, cph1/cph, and
efg1/efg1 cph1/cph1) and two SAP mutants (sap1–3
and sap4–6) to challenge the RHOE. In consistent with other
studies, the cph1/cph1 mutant and both SAP mutants
behaved similar to the SC5314 isolate as regards the hyphal
transformation and invasion, whereas the efg1/efg1 and efg1/
efg1 cph1/cph1 mutants failed to germinate in RHOE model
(Phan et al., 2000). Interestingly, none of the RHOE infected
with the hyphal-formation mutants expressed hBDs mRNA
after 48 hours, which is in common with the RHOE infected
by the parent SC5314 isolate. However, the RHOE infected
with the null hyphal mutants, efg1/efg1 and efg1/efg1 cph1/
cph1, showed positive expression of hBDs mRNA at all time
points examined. This appears to indicate that inhibition of
the hBDs mRNA expression in C. albicans infected RHOE
may be associated with the physical ingress into the tissues,
an important strategy for C. albicans against host innate
defense. We also found that the hyphae of C. albicans ATCC
isolate were not as invasive as those of the SC5314 isolate,
which penetrated the entire depth of the epithelial tissue
leading to its disintegration. This low-invasive property
of C. albicans ATCC isolate may account for the depressed
or subliminal interaction between the ‘‘hyphal inhibition
factors’’ and host cells, and the consequent inability to
inhibit hBDs production after 48 hours of infection. The
differential expression patterns of hBDs in the RHOE infected
with C. albicans SC5314 and ATCC isolates may also be
due to their differential intrinsic virulence, as the type strains
of Candida with multiple laboratory sub-cultures undergo
significant changes with reference to origin isolates.
Further studies extending to multiple strains of C. albicans
and their mutants could contribute to further understanding of
C. albicans–epithelia interactions and the mechanisms
involved.
In contrast to the inhibitory role of hyphae in hBDs mRNA
expression in the latter stages of C. albicans infection, hyphal
formation and the presence of Saps were shown to be
important factors in the early induction of hBDs peptides
in oral epithelium. Similar to the parent SC5314 strain,
the cph1/cph1 mutant induced the expression of hBDs
peptides after 12 hours of infection, whereas the efg1/efg1
and efg1/efg1 cph1/cph1 mutants induced the expression of
hBDs peptides after 24 and 48 hours of infection, respec-
tively. This delay may be due to the absence of hyphal
formation in both mutants, which lack the ability to exert
direct physical, mechanical and enzymatic destruction
of the RHOE (Jayatilake et al., 2005). Although CPH1 does
not seem to be essential for hyphal formation and early
induction of hBDs peptides, it contributes significantly to the
induction of hBDs peptides, reflected by the different
periodicity of the efg1/efg1 and efg1/efg1 cph1/cph1 mutants
in upregulating hBDs peptides. Interestingly, neither SAP
mutants induced the expression of hBDs peptides in RHOE at
any stage of infection, although they elicited the mRNA
expression similar to that of the SC5314 strain. This seems to
imply that Saps are essential for candidal invasion of the oral
epithelium as far as the hBDs peptide expression is
concerned. However, we were unable to confirm whether
the hBDs mRNA expression was downregulated at the early
stage of infection (e.g. 12 hours). Real-time PCR studies are
required to shed further light on this issue. In addition, as per
our unpublished PCR results, transcripts of SAP1–5 and
SAP8–10 were detected during initial invasion (e.g. 12 hours)
of the epithelial tissues by C. albicans SC5314 isolate, and
this provides further evidence that Saps may be involved in
the early host–Candida interaction. Given that hyphal
formation may play a role in the early induction of hBDs
peptides, it is tempting to speculate that the early upregula-
tion of hBDs peptides may rely on the simultaneous
expression of hyphae and Saps in the epithelial tissues.
Compared with C. albicans, the non-albicans Candida
species showed lesser ability to induce the hBDs peptide
expression, and C. dubliniensis was unable to induce such a
response. It was not until the latter stages of infection (24 or
48 hours) did the non-albicans Candida induce moderate
expression of hBDs in the RHOE model. This delayed
response of RHOE in expression of hBDs to the non-albicans
Candida species and the absence of response to C.
dubliniensis could be interpreted in terms of their decreased
ability to form hyphae.
Interestingly, hBD-1, 2, and 3 showed consistent expres-
sion patterns in each sample. Our recent in vivo studies
showed distinctly different localizations of hBD-1, 2, and 3
peptides in human gingival epithelia by using the same
antibodies (Lu et al., 2004, 2005). It is unlikely that the
similar expression patterns of hBDs observed in the Candida-
infected RHOE are due to the cross-reactivities of these
antibodies with hBDs. It can be speculated that the induction
of the three hBDs might be probably through similar signal
transduction pathways in the Candida infected oral epithelia.
Taken together, our results suggest that oral epithelium is
capable of recognizing the early invasion of C. albicans and
responding promptly by producing hBDs, in order to activate
an important early innate defense mechanism. The induction
of hBDs appears to be a result of simultaneous stimulation
associated with hyphal invasion and Saps production. Yet,
during the latter stages of infection, certain yet unrecognized
factors in C. albicans appear to have the ability to paralyze
the host surveillance system by inhibiting the hBDs mRNA
expression in oral epithelium possibly to facilitate further
penetration. This hyphal-invasion-dependent inhibition of
hBDs expression may represent a novel pathogenic mechan-
ism of C. albicans. However, further studies are warranted to
determine the recognition or signaling pathways that mediate
hBDs inhibition and how the mechanisms can be pharma-
cologically interrupted to turn on the endogenous antimicro-
bial peptides.
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MATERIALS AND METHODS
Candida strains, culture media, and growth conditions
Well characterized C. albicans, wild-type SC5314 and its congenic
hyphal (HLC52: efg1/efg1, JKC19: cph1/cph, and HLC54: efg1/efg1
cph1/cph1) and SAP mutants (sap1–3 and sap4–6), graciously
provided by Professor NAR Gow (The University of Aberdeen, UK),
and C. albicans ATCC 90028, C. tropicalis ATCC 13803,
C. dubliniensis ATCC MYA646, C. glabrata ATCC 90030, C. krusei
ATCC 6258 and C. parapsilosis ATCC 22019 (total: 6 strains) from the
American Type Culture Collection (ATCC, Gaitherburg, MD) were
used in this study. All isolates were subcultured from thawed
suspensions of pure isolates stored at the Oral Bio-Sciences
Laboratory in the Faculty of Dentistry, The University of Hong Kong,
Hong Kong. Their identities were reconfirmed by the standard germ
tube tests, and fermentation reactions in commercially available API
20C auxonogram strips (Biomerieux, Marcy I’Etoile, France).
Inocula for the experimental model of oral candidiasis were
prepared as described previously (Jayatilake et al., 2005). Briefly,
yeast cells were cultured for 24 hours at 371C on Sabouraud dextrose
agar (Difco, Hampshire, UK). A sample of the culture was washed
thrice in 0.9% NaCl and an inoculum of approximately 2 105 cells
was suspended in 10 ml of YPG medium (1% yeast extract, 2%
peptone and 2% glucose; Difco, Detroit, MI). The suspension was
cultured for 16 hours at 251C with orbital shaking and the cells were
harvested, washed in 0.9% NaCl and a sample of cells was
resuspended in fresh medium in a shaker for 24 hours at 371C.
Afterwards the cells were harvested by centrifuge and the inocula
(4 107 yeasts cells/ml) were prepared in PBS (pH 7.2).
In vitro model of oral candidiasis
The in vitro RHOE (Skinethic Laboratory, Nice, France) model,
derived from cultured human keratinocytes of a cutaneous carcinoma
cell line TR146, was used throughout the study (Schaller et al., 2002;
Jayatilake et al., 2005). Upon arrival, the RHOE were transferred into
six well plates and incubated with serum-free, chemically defined
medium MCDB 153 (Skinethic Laboratory) containing 5mg/ml insulin,
1.5 mM CaCl2, 25mg/ml gentamicin and 0.4mg/ml hydrocortisone.
After 24 hours of tissue recovery, the 0.5 cm2 segment of tissue was
inoculated with 2 106 yeast cells in 50ml of PBS (pH 7.2). Control
samples were inoculated with 50ml of PBS only. Three groups of
RHOE were used for the study of C. albicans SC5314 isolate, its
congenic mutants, and C. albicans ATCC isolate, and two groups of
RHOE were used for the controls and study of non-albicans Candida
species. Infested tissue cultures were incubated at 371C, at 5% CO2
and saturated humidity for up to 48 hours. They were harvested at 12,
24, and 48 hours time intervals, washed gently with PBS to remove
free fungal elements, and fixed in 10% formaline in PBS for at least
2 hours at room temperature. After a series of dehydrations, they were
embedded in paraffin and routinely sectioned to yield 3mm thick
specimens and processed for staining. Each sample was examined for
three times at three different sites by each of the techniques described
below. The study was approved by the Ethics Committee of Faculty of
Dentistry, The University of Hong Kong and conducted according to
the Declaration of Helsinki Principles.
Subcloning of cDNA for hBD-1, 2, and 3
Total RNA was extracted from human gingival tissues using RNeasy
Mini Kit (Qiagen GmbH, Hilden, Germany), according to the
manufacturer’s instructions. The first-strand complementary DNA
(cDNA) was synthesized from 1mg of RNA in a final volume of 20ml
using the SuperScriptTM First-Strand Synthesis System for RT-PCR
(Invitrogen Corp., Carlsbad, CA). A total volume of 50ml PCR reaction
was performed using GeneAmp PCR System 9,700 (Applied
Biosystems, Foster City, CA). The sequences of the intron-spanning
primers for hBDs were as follows: hBD-1, forward: 50-
CGCGGATCCGCCATGAGAACTTCCTAC-30, which contained a
recognition site of BamHI, and reverse: 50-CCGGAATTCCTTGCAG
CACTTGGCCTTC-30, which contained a recognition site of EcoRI;
hBD-2, forward: 50-CCCAAGCTTCCAGCCATCAGCCATGAGGGT-
30, which contained a recognition site of HindIII, and reverse: 50-
CGGAATTCAGGAGCCCTTTCTGAATCCGCA-30, which contained a
recognition site of EcoRI; and hBD-3, forward: 50-CCCAAGCTTAT
GAGGATCCATTATCTTCTG-30, which contained a recognition site of
HindIII, and reverse: 50-CGGGGTACCTTATTTCTTTCTTCGGCAG
CA-30, which contained a recognition site of KpnI. The PCR products
were separated by electrophoresis on 1.5% agarose gels and detected
with ethidium bromide staining. The DNA bands were cut off and
purified with Gel-M Gel Extraction System (Viogene, Sunnyvale, CA),
and their identities were confirmed by sequence analysis using ABI
Prism 310 Genetic Analyzer (Applied Biosystems).
The purified PCR products and vector pT7/T3 18 (Ambion, Inc.,
Austin, TX) were cut out with restriction enzymes BamHI and EcoRI
(Invitrogen Corp.) for hBD-1, HindIII and EcoR I for hBD-2, and
HindIII and KpnI for hBD-3 and ligated to each other. The ligation
products were transformed into DH5a´ competent cells (Invitrogen
Corp.) for amplification, and purified using Minipreps DNA
Purification System (Promega Corp., Madison, WI). The identity of
the inserted fragment was confirmed by sequence analysis and
compared with the full cDNA sequence of hBD-1, 2, and 3 in the
GenBank database (Accession No. U73945, AF040153, and
AJ237673) and 97–99% identities were achieved. After linearization
of the inserted vector with the restriction enzymes, digoxigenin
labeled sense and antisense RNA probes were transcribed using
digoxigenin RNA labeling mix (Roche, Penzberg, Germany) and T7
or T3 polymerase, according to the manufacturer’s manual (Roche).
In order to check whether the probes were effectively transcribed,
the final products were subjected to gel electrophoresis and the sizes
of the bands were measured.
In situ hybridization for hBDs
The deparaffinized sections were digested with 5mg/ml proteinase K
(Sigma, St Louis, MO) at 371C for 25 minutes and postfixed in 4%
paraformaldehyde in PBS. The sections were then acetylated with
0.25% acetic anhydride (Sigma) in 0.1 M triethanolamine for
10 minutes and air dried up to 30 minutes. After prehybridization
with hybridization buffer at 461C for 2 hours, the sections were
incubated with 10 mg/ml digoxigenin labeled RNA sense and
antisense probes for hBD-1, 2, and 3 at 461C for 18 hours. The
hybridization buffer was composed of 50% deionized formamide,
1 Denhardt’s (Sigma), 0.3 M NaCl, 0.005 M EDTA, 0.02 M Tris
pH 8.0, 10% dextran sulfate, 500 mg/ml yeast tRNA (Roche), and
500mg/ml denatured salmon sperm DNA (Sigma). Stringent washes
were conducted for 30 minutes at 461C in 50% formamide and 2
SSC (0.3 M NaCl, 0.03 M sodium citrate, pH 7.0), then 30 minutes at
461C in 2 SSC, and 10 minutes at 371C in TNE buffer (0.5 M NaCl,
0.001 M EDTA, 0.05 M Tris pH 8.0). Single-stranded RNA was
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removed by treating the sections with 20 mg/ml RNase A (Roche) at
371C for 30 minutes. After incubation with alkaline phosphatase-
conjugated anti-digoxigenin antibody (Roche) at 1:500 for 2 hours,
visualization was performed by detection of the alkaline phospha-
tase with nitro blue tetrazolium chloride and 5-bromo-4-chloro-3-
indolyl phosphate (Roche) for 4 hours at room temperature. The
expression levels of hBDs were recorded as follows: negative (), no
positive staining; positive/negative (þ /), very few positive staining;
positive (þ ), significant positive staining.
Immunohistochemistry
Sections for immunohistochemistry were first stained with periodic
acid Schiff (PAS) and then soaked in deionized water containing 3%
hydrogen peroxide for 10 minutes to block endogenous peroxidase.
Nonspecific binding was blocked for 30 minutes with 3% bovine
serum albumin (Sigma) in Tris-buffered saline (TBS). Then the
sections were incubated at 41C overnight with goat polyclonal IgG
antibodies to hBD-1 and 2 (Santa Cruz Biotechnology, Santa Cruz,
CA), and rabbit polyclonal IgG antibody to hBD-3 (Sage BioVentures
Inc., Carlsbad, CA) at 2mg/ml. Normal goat and rabbit IgG (Santa
Cruz Biotechnology) were used as negative controls at 2 mg/ml for
hBD-1, 2, and 3, respectively. After incubation with biotinylated
secondary antibody, the reaction was detected using an avidin-biotin
peroxidase complex kit (DakoCytomation, Glostrup, Denmark),
according to the manufacturer’s instructions. Visualization was
performed using 3,3-diaminobenzidine (Sigma) and sections were
counterstained with Mayer’s hematoxylin. The expression levels of
hBDs peptides were recorded as follows: negative (), undetectable
or similar to that in the controls; positive (þ ), significantly higher
than the controls. For the detection of cytokeratin in RHOE, a similar
protocol was applied, except that a mouse anti-human cytokeratin
cocktail (BioGenex, San Ramon, CA) was used as the primary
antibody.
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